Inshore and offshore waters of the Gulf of Maine (USA) have spring/summer harmful algal blooms (HABs) of the toxic dinoflagellate Alexandrium fundyense, which is responsible for paralytic shellfish poisoning (PSP) in humans. The calanoid copepod Calanus finmarchicus co-occurs with A. fundyense during the seasonal blooms. At that time, C. finmarchicus population abundances are high, dominated by immature copepods preparing for diapause, and by actively-reproducing adults. High survival has been reported for copepods exposed to toxic A. fundyense, but little is known about possible sublethal effects. In this study, C. finmarchicus adult females were fed either a control diet of non-toxic Rhodomonas spp. or one of two diets containing either low dose (LD) or high dose (HD) levels (50 and 200 cells mL À1 , respectively) of toxic A. fundyense for a total of 7 days in two independent experiments. As expected, ingestion of the dinoflagellate had no effect on copepod survival and grazing activity. However, significant reductions of egg production and egg viability were observed in C. finmarchicus females fed on either experimental diet. After the 7-day experiment, total nauplius production by females on the LD and HD diets was reduced by 35% to 75% compared to the control females. These results suggest that blooms of A. fundyense in the Gulf of Maine may be an environmental challenge for C. finmarchicus populations, with a potential negative effect on copepod recruitment.
ß 2015 Elsevier B.V. All rights reserved.
Introduction
Harmful algal blooms (HABs) dominated by the dinoflagellate Alexandrium fundyense occur annually in offshore and inshore waters of the Gulf of Maine Martin and White, 1988; Shumway et al., 1988) . Although blooms are highly variable both spatially and temporally, dense regional blooms (10 3 -10 4 cells L À1 ) of A. fundyense can occur in most summers (Anderson, 1997; Deeds et al., 2014; McGillicuddy et al., 2014) . By producing potent neurotoxins, known as saxitoxins (saxitoxin and its derivatives, hereafter referred to as STXs), A. fundyense is responsible for outbreaks of paralytic shellfish poisoning (PSP), which is potentially fatal to humans (Llewellyn, 2006) . Although STXs are highly toxic to most vertebrates, numerous invertebrate herbivores, such as copepods and shellfish are able to ingest the toxic algae without affecting their survival (Bricelj and Shumway, 1998; Petitpas et al., 2014; Shumway, 1990; Teegarden et al., 2003) . These invertebrates retain and accumulate toxins in their tissues, becoming vectors for transfer to higher trophic levels, including fishes, whales and humans (Anderson and White, 1992; Campbell et al., 2005; Doucette et al., 2005; Doucette et al., 2006; Petitpas et al., 2014; Turner and Tester, 1997) . It is less clear whether or how A. fundyense affects the overall fitness of the invertebrate filter feeders (Turner, 2014) .
Calanus finmarchicus is one of the more abundant calanoid copepods in the North Atlantic, extending from the mid-Atlantic Shelf off the US east coast to the Barents Sea north of Norway (Conover, 1988; Planque et al., 1997) . In the Gulf of Maine, the C. finmarchicus population increases during the spring (Davis, 1987; Meise and O'Reilly, 1996) with this copepod serving as food for planktivorous fishes such as larval herring and mackerel (Darbyson et al., 2003) . During the summer, when Alexandrium fundyense blooms are present, C. finmarchicus can dominate the zooplankton biomass (Davis, 1987; Sherman et al., 1987) , sometimes reaching abundances of 10,000 m À3 or higher (Meise and O'Reilly, 1996) . During this period the C. finmarchicus population is dominated by mid-and late-stage copepodites (Durbin et al., 2000; Miller et al., 1998) . Not surprisingly, during bloom conditions C. finmarchicus and other zooplankters ingest A. fundyense, as confirmed in several field studies (Campbell et al., 2005; Teegarden et al., 2001 Teegarden et al., , 2008 Turner, 2006 Turner, , 2010 Turner and Borkman, 2005; . Survival in these studies as well as laboratory grazing studies was high even when A. fundyense was the only food (Hassett, 2003) . However, previous grazing studies were mostly limited to incubations of 24 h or less (Hassett, 2003; Teegarden et al., 2001 Teegarden et al., , 2008 Turner, 2010; Turner and Borkman, 2005) . In addition, none of these studies investigated the possibility of other effects on C. finmarchicus (Turner, 2014) .
Studies on other copepods have shown that various species of Alexandrium can have adverse effects such as low feeding rates, low egg production and low egg hatching success (Colin and Dam, 2007; Dutz, 1998; Guisande et al., 2002; Sopanen et al., 2011; Teegarden et al., 2008; Turner, 2014) . Reduced feeding rates have been measured for Acartia tonsa and Eurytemora herdmani fed on Alexandrium fundyense at very high concentrations (ca. 500-2000 cell mL
À1
) (Teegarden and Cembella, 1996) , while Acartia clausi responded to exposure to Alexandrium spp. with decreased growth and fecundity, suggesting either reduced caloric intake (low feeding activity) reduced food assimilation or possible reallocation of energy into detoxification (Dutz, 1998; Frangó pulos et al., 2000; Guisande et al., 2002) . Overall, these sublethal effects, induced by Alexandrium spp. in different copepod species, suggest that the presence of the toxic dinoflagellate could be an environmental stressor. Thus, HABs could disrupt existing pelagic communities in ways that are difficult to predict based on studies focused solely on survivorship.
The goal of the present study was to determine whether Alexandrium fundyense might have a negative effect on Calanus finmarchicus fitness. Adult female survival, feeding rates and reproductive success were monitored during two 7-day-long experiments in which the animals were maintained on one of three different experimental diets: control (100% Rhodomonas sp. with no A. fundyense), low dose (LD) with (25:75% by cell volume A. fundyense and Rhodomonas sp., respectively) and high dose (HD) with 100% A. fundyense. The experimental A. fundyense concentration for the LD (50,000 cells L À1 ) was comparable to high density natural bloom concentrations in the Gulf of Maine (Anderson, 1997; Townsend et al., 2001) . The experimental HD concentration (200,000 cells L À1 ) was comparable to unusually dense blooms of A. fundyense in the Gulf of Maine .
Materials and methods

Field collection and maintenance of Calanus finmarchicus
Calanus finmarchicus were collected in June and July 2012 in the Gulf of Maine near Mount Desert Rock (Lat: 448 2 0 N; Long: 6883 0 W) by slowly towing a 75 cm diameter (560 mm mesh) net vertically from 75 m depth to the surface. Plankton collections were immediately diluted into buckets containing 10 L of subsurface seawater and placed on ice in coolers for transportation to the Mount Desert Island Biological Laboratory (Salisbury Cove, ME) for experiments (generally within 3 h of collection). Healthy adult females and adult males were sorted from the diluted plankton samples and transferred into 3.5 L jars of filtered seawater (FSW) with 15-20 individuals per jar (1:3 male and females) with Rhodomonas sp. added ad libitum, and placed overnight into an incubator (Percival Model I-36VL, Percival Scientific, Inc., Perry, IA, USA), maintained at 10 8C on a 14:10 h light:dark cycle.
Experimental design
Calanus finmarchicus adult females were fed with the toxic Alexandrium fundyense over a 7-day period; one experiment was performed in June and another in July ( Table 2 ). The experimental design included three treatments: control, low dose (LD) and high dose (HD) diets of A. fundyense (Table 1 ). The control group consisted of a unialgal diet of the non-toxic flagellate Rhodomonas sp. (8000 cells mL À1 ), which does not appear to impair copepod egg production and hatching success and is routinely used for maintenance of copepods in culture settings (Helland et al., 2003 (Ianora et al., 2004a; Seixas et al., 2009) . Equivalent carbon concentrations were computed for each treatment for Rhodomonas sp. and A. fundyense based on measurements of carbon to volume relationships from Menden-Deuer and Lessard (2000) . Estimated carbon concentrations for the experimental food levels were similar to each other, albeit slightly higher in the HD treatment (Table 1) . Dinoflagellate toxin content (=toxin cell quota) can vary by a factor of 2 or more within a period of 24 h (Anderson et al., 1990) . Therefore, during the duration of the June and July experiments A. fundyense samples were collected daily for toxin content analysis (see Section 2.3, Table 2 ).
For both the June and July experiments Calanus finmarchicus adult females were maintained at a density of 1 female per 100 mL with fresh food added daily for each treatment over the 7-day period. At the beginning of each day the copepods were transferred from the previous day's incubation container to a new one. During each experiment (June and July) several C. finmarchicus parameters were monitored: survival rate, egg production rate, egg viability, fecal pellet production and naupliar production (see Sections 2.4 and 2.5). In the July experiment, in addition to the aforementioned parameters, C. finmarchicus grazing activity was measured.
Phytoplankton and Alexandrium fundyense toxin profile
The flagellate Rhodomonas sp. was used for the control diet in both experiments, however, the clones differed between June and July. The Rhodomonas sp. clone (LOT#120406) used in June was obtained from ALGAGEN LLC with a starting volume of 4 L that had an initial cell density of 10 6 cells mL
À1
. Cell densities during the experimental week ranged from 0.8 Â 10 6 to 1.6 Â 10 6 cells mL
in the stock culture. The Rhodomonas sp. clone (CCMP739) used in July was obtained from NOAA/NMFS (Milford, CT, USA, isolated in 1951 by R. Lasker) with an initial cell density of 10 6 cells mL À1 in cultures of 4 L. During the experiment, cell densities in the stock culture ranged from 1 Â 10 6 to 2 Â 10 6 cells mL
. For both Rhodomonas sp. clones, cultures were maintained at 15-16 8C in ambient outside natural light and diluted by 50% with f/2 medium every three days (Guillard, 1973) .
The toxic dinoflagellate Alexandrium fundyense (clone GTCA28) was isolated from the western Gulf of Maine in 1985 and maintained at 15 8C on a 14:10 h light:dark cycle. One-liter cultures were initially grown in modified f/2-Si medium (Anderson et al., 1994) at 15 8C and then transferred to 10 8C during midexponential growth for temperature equilibration prior to shipment from Woods Hole, MA to Mount Desert island, ME. There, the cultures were maintained at 10 8C on a 14:10 h light:dark and diluted by 50% every two days with f/2-Si medium (Guillard, 1973) . During the experiments, A. fundyense cell densities in the stock cultures ranged from 17 Â 10 3 to 32 Â 10 3 cells mL À1 in June and 14 Â 10 3 to 19 Â 10 3 cells mL À1 in July. Stock cultures of Rhodomonas spp. and A. fundyense were checked 3 times per week between experiments and daily during experiments to assure that cells looked healthy and were swimming actively.
Food suspensions for the experimental treatments were prepared daily by diluting algal cells from the stock cultures into filtered seawater (FSW) at the target concentrations shown in Table 1 .
For the toxin analyses, three replicate samples of Alexandrium fundyense cells were obtained from the stock culture (1.5 mL per sample), transferred into Eppendorf tubes, centrifuged for 8 min at 3000 rcf and the supernatant removed. Subsequently, 0.5 mL of 0.05 M acetic acid was added to the pellet and each sample was homogenized using a pipette tip. The sample was shaken twice, stored immediately at 4 8C and transported on ice to Woods Hole Oceanographic Institution where the samples were sonicated in an ice water bath using a Branson Sonifier 250 D fitted with a microtip probe at a constant 40-W output for 1 min. This extract was then stored at À20 8C. Prior to analysis, the samples were thawed, mixed and centrifuged for 10 min at 3000 rcf, and 200 mL of the supernatant was added to a limited volume autosampler vial. Toxin analyses were carried out using a modification of the Oshima (1995) post-column derivatization HPLC method (Anderson et al., 1994) . Certified reference standard solutions purchased from the National Research Council Canada (NRC-Halifax, Nova Scotia, Canada), containing toxins C1, C2, GTX1-5, dcGTX2, 3, NEO, dcSTX and STX were run at the beginning of the sample queue and following every 4th sample.
The resulting toxin content values were expressed in micromolar concentrations and these were used to calculate cellular toxin content in duplicate or triplicate measurements for each experimental time point. Abbreviations used through this text are: Each treatment corresponded to a similar total cellular volume, with the low dose treatment corresponding to 25% A. fundyense and 75% Rhodomonas spp. by volume. Cell volumes were calculated using the formula for the shape-9 form for Rhodomonas spp., and the shape-2 form for A. fundyense (Sun and Liu, 2003) , using cell size measurements in Fields et al. (2015) for Rhodomonas spp. and Menden-Deuer and Lessard (2000) for A. fundyense. Carbon-to-volume conversion was calculated using the formula from Menden-Deuer and Lessard (2000) . Rhodomonas spp: 38 pg C cell STX = saxitoxin; NEO = neosaxitoxin; GTX1&4 = gonyautoxins 1 and 4; GTX2&3 = gonyautoxins 2 and 3; dcGTX2&3 = decarbamoyl gonyautoxin 2 and 3; GTX5 = gonyautoxin 5 (or B1, Hall 1982); C1&2 = toxins C1 and C2; dcSTX = decarbamoyl saxitoxin. The concentrations of toxins GTX1&4, GTX2&3 and C1&2 were combined by adding the individual values together to account for possible epimerization of the toxin pairs. Toxicities (in STX equivalent cell À1 ) were calculated from molar composition data using individual potencies provided by the NRC and the daily toxicity level was calculated following Anderson et al. (1990) . The calculation was based on the concentration of individual toxins and their specific toxicity in mg STX eq. mmol À1 as follows: C1, 2.61; C2, 41.6; GTX1, 429.4; GTX2, 155.2; GTX3, 275.6; GTX4, 313.7; GTX5, 27.8; dcGTX2, 66.5; dcGTX3, 162.7; NEO 399.3; dcSTX, 221.7 ; STX, 432.0.
Egg production, fecal pellet production, egg viability and naupliar production
Thirty Calanus finmarchicus mature females were randomly selected from the stock jars after overnight acclimation (see above) and incubated individually in 100 mL tissue flasks in one of the three treatment food suspensions, and maintained with the same treatment for the next 7 days. The experiment was performed in June and then replicated in July (Table 2 ). Every day, each female was transferred with a pipette into a new container, and supplied with a fresh food suspension. The jars from the previous 24 h containing eggs and fecal pellets produced by each female were incubated for another 24 h in the 10 8C incubator and then were preserved in 70% ethanol. The contents of the jars were then checked under a dissecting microscope and hatched nauplii, unhatched eggs and fecal pellets were counted. Fecal pellet production was measured to ensure that copepods continued to feed during both the June and July experiments. Nauplii were checked for possible malformations (none were found). Eggs were also checked for evidence of cannibalism (crumpled egg membranes, none were found).
Grazing activity
Daily grazing experiments were performed during the July experiment. Nine sets of two mature and healthy Calanus finmarchicus adult females were randomly selected from the stock jars (see Section 2.1) and transferred into crystallizing dishes with 200 mL of one of the three treatment diets. Each treatment consisted of three replicates with food suspensions prepared daily by performing cell counts in stock cultures and adjusting the concentration by diluting with filtered sea water (GF/C Whatman filters). Each day females were transferred into new containers with new experimental food suspensions. For each treatment two additional containers without copepods: a grazing control and an initial were prepared; the initial, representative of daily food suspensions was preserved with Lugol's solution (2%) at the beginning of each daily experiment while the grazing control was treated like the experimental jars and incubated at 10 8C on a 14:10 h light:dark cycle at 50 mm m À2 s À1 . After a 22.5-24 h incubation period, and the transfer of the females to new food suspensions, the contents of the containers (1 grazing control and 3 experimental per treatment) were preserved in 2% Lugol's solution. Phytoplankton cell numbers in preserved aliquots were counted in Sedgwick-Rafter cells, with a minimum of 400 cells counted in all cases, assuring ca. 10% precision (Guillard, 1973) . Computed ingestion and clearance rates of C. finmarchicus were determined from differences in phytoplankton cell concentrations in initial, grazing control and experimental suspensions using the formulae described by Frost (1972) . Briefly, daily copepod feeding activity was obtained by counting the number of algal cells left in the container with the two mature and healthy females, compared to the number of algal cells in the control containers (no copepods) and corrected for algal growth (initial container counts).
Dead copepods were removed (1 dead female in C and LD and 2 in the HD) and replaced with new healthy females that had been kept in reserve containers (2 females per container) exposed to the same experimental conditions, including the daily transferring into new containers with fresh food suspensions. Grazing rates for dead copepods, were calculated assuming that they had lived for 1/2 day.
Survival
Female survival rate was monitored daily in all experimental incubations. In the ''reproductive success'' experiments (Section 2.4) in June and July, 10 females per treatment were checked under the microscope to ensure that they were undamaged and healthy (actively swimming) before their daily transfer into new containers. In addition, in both June and July three replicates of two females per treatment were kept in 200 mL of food suspensions, and checked daily for swimming activity before being transferred to fresh seawater with new food. This second set of females was the one monitored for grazing activity in July (see Section 2.5). Dead females, if any, were replaced with new healthy females (see Section 2.5); thus survival rate in the 200 mL containers was calculated each day as the number of females still alive before the daily transfer to new food suspensions.
Statistical analysis
Statistical analyses were performed using the software Prism Graph Pad (v 6.0). Two-way analysis of variance (ANOVA) followed by the Tukey test for post-hoc multiple comparisons (p < 0.05) was performed to test for differences among treatments and over time for each measured fitness parameter using 10 replicates for egg production (see Section 2.6) and 6 replicates for grazing (see Section 2.5) experiments, respectively.
Results
Alexandrium fundyense toxicity levels during the experiments
Toxin measurements for Alexandrium fundyense confirmed their neurotoxicity during both June and July experiments. Of the more than 20 naturally-occurring STX derivatives (Llewellyn, 2006) , the A. fundyense culture contained 9 of the 12 derivatives that were measured with the HPLC method used in this study. These 9 toxins were represented by N-sulfocarbamoyl toxins (C1&2), gonyautoxins (GTX1&4, GTX2&3), decarbamoyl toxins (dcGTX3) neosaxitoxin (NEO) and saxitoxin (STX). The major toxins present (in order of relative abundance as molar % of total toxin) were N-sulfocarbamoyl toxins, followed by gonyautoxins, neosaxitoxin and saxitoxin (Fig. 1A) . The average toxin content (all derivatives) during the 7-day experiment was not significantly different between June and July (Student's t-test; p = 0.36) (Fig. 1B) . During the June experiment, toxin content ranged between 0.01 and 0.03 ng STX eq cell À1 , and there were no significant differences between experimental days. In July, toxin content was similar from Days 1 to 5 (mean: 0.014 ng STX eq. cell À1 ) (Fig. 1C) . However, significantly higher toxin content was measured on Days 6 and 7 (Fig. 1C) . The higher toxicities corresponded to changes in NEO and STX derivatives, which showed a 2-and 10-fold increase, respectively, compared with previous days. The changes in the amount of NEO and STX also affected the relative proportion of the different toxins (% mol), as the proportion of NEO increased from 30% to 40% and STX from 1% to 10%, while N-sulfocarbamoyl and gonyautoxins toxins decreased to 27% and 23%, respectively.
Copepods feeding on the LD diet were exposed to a mean toxicity of 1.0 and 0.7 ng STX eq. mL À1 in the June (Days 1-7) and July (Days 1-5) experiments, respectively. Mean toxicities for the HD treatment were 4-fold higher (4 and 2.8 ng STX eq. mL À1 for June and July, respectively). The females were exposed to higher toxicities on Days 6 and 7 in the July experiment: 1.4 and 1 ng STX eq. mL À1 for the LD; and 5.5 and 4 ng STX eq. mL À1 for the HD treatment, respectively. Thus, the females experienced similar toxin profiles and toxin equivalency in the two experiments, with the exception of the last 2 experimental days in July.
Grazing activity
Ingestion rates
Calanus finmarchicus ingested Alexandrium fundyense in both LD and HD treatments over the 7-day experimental period with no significant differences compared with the control diet in terms of computed ingestion rates converted to mg C female À1 h À1 ( Fig. 2A) .
Ingestion rates averaged 1 mg C female À1 h À1 (AE0.1 SD) for control, Grazing activity for C. finmarchicus fed with LD and HD of A. fundyense and the control Rhodomonas spp. for 7 days. Results of grazing for July experiment with ingestion rates measured as carbon content (A), ingestion rates measured as STX equivalents (B) and average of daily ingestion rate (C). In D and E, fecal pellet production rate measured for females individually incubated in 100 mL containers (see text for details) in June (D) and July (E) experiments. * Indicates significant differences between treatments (2-way ANOVA p < 0.05), see Table 3 .
LD and HD treatments ( Fig. 2A) . These values are comparable to the mean ingestion rates reported for Calanus pacificus adult females feeding on algae of similar cell size (Frost, 1972) . Daily ingestion of toxins was computed from the toxicity measurements as STX equivalents per day (see Section 3.1). STX ingestion for C. finmarchicus females feeding on the LD and HD did not change appreciably over time for the first 5 days of the experiment (Fig. 2B) . Toxin ingestion by C. finmarchicus averaged 0.3 ng STX eq. day À1 (AE0.1 SD) in the LD and 2 ng STX eq. day À1 (AE1 SD) in the HD treatments between Day 1 and 5 (Fig. 2B ). On Days 6 and 7, cell toxicity levels were higher (Fig. 2B ) with corresponding higher STX ingestion rates in both LD and HD treatments (Fig. 2B ). Fig. 2C shows daily carbon ingestion rates averaged across the 7-day experiment for each treatment. Ingestion of Rhodomonas sp. and A. fundyense in the LD treatment was proportional to their relative concentrations, showing no evidence of selective feeding under these experimental conditions.
Fecal pellet production
Fecal pellet production was similar in all three experimental treatments in June (Days 4-7; Fig. 2D ) and July (Days 1-7; Fig. 2E ). On Days 1-3, fecal pellet production was significantly lower in the HD treatment in the June experiment (Fig. 2D ). An overall decrease of the number of fecal pellets was observed over time in all treatments ( Fig. 2D and E) ; however, this decline was significant only for the control (both experiments) and LD treatment (June experiment; Table 3 ). Cumulative fecal pellet production confirmed the significant difference for females on the HD treatment in the June but not in the July experiment compared with the LD and the control diets.
Reproductive success 3.3.1. Egg production in the control
Daily egg production rates were highly variable over time with a decline observed in the controls in both experiments (Fig. 3A and  C) . This decline was statistically significant in the control and the experimental treatments (Fig. 3A and C Table 3 ).
Effect of A. fundyense on egg production
Egg production rates of Calanus finmarchicus were adversely affected by Alexandrium fundyense. Egg production rates were not significantly different between the three treatments on any specific day (Fig. 3A and C) , but the cumulative numbers of eggs produced were lower for females in the HD treatment in both June and July (Fig. 3B and D, Table 3 ). In the June experiment, cumulative egg production per female on the HD diet was significantly lower starting on Day 4 and thereafter (Fig. 3B) . By Day 7, the cumulative number of eggs produced by females in the HD treatment averaged 10 (AE2 SD), and in the control and LD treatments 29 and 28 (AE4 SD) (Fig. 3B ). In July, cumulative egg production in both experimental treatments started to diverge from the control on Day 4 (Fig. 3D) . By the end of the experiment cumulative egg production for control, LD and HD females were 136, 74 and 72 total eggs female À1 respectively. Thus, females fed on A. fundyense diets had reduced fecundity of 35 to 47% in the HD treatment, while in the LD treatment reduced egg production was only observed in the July experiment (Fig. 3) .
Egg viability and naupliar production
The negative effect of the Alexandrium fundyense diets was even more apparent in copepod egg hatching success than in egg production rate. Viability of eggs produced by females feeding on both LD and HD diets of A. fundyense was reduced compared to eggs produced by females feeding on the control diet in both the June and July experiments (Fig. 4, Table 3 ). By Day 2, significantly lower hatching success was observed in both treatments (LD and HD) in both experiments (Fig. 4A and B) . In July, this significant difference between the control and the experimental diets persisted throughout the experiments (Fig. 4B) . In June, egg viability was more variable, and significant differences were only observed through Day 4 (Fig. 4A) . Thereafter, overall low egg production and viability in the June experiment led to no difference between the control and treatments (Fig. 4A) . The decline in egg viability over time was significant for all three treatments and in both experiments (Table 3) .
Effective recruitment was computed as the number of healthy nauplii produced during the 7-day experimental period by each female that survived the entire 7-day experiment. In both experiments a reduction was observed in the number of healthy nauplii produced by females fed with both the LD and HD diets compared with the control (Fig. 4C) . In June, this difference was only significant for the HD treatment while in July, the average number of nauplii per female was significantly lower in both LD and HD treatments (Fig. 4C) . In June, females in the LD and HD produced on average 65% and 25% of the number of healthy nauplii produced by control females (Fig. 4C ). In July, females feeding on LD and HD treatments produced on average 40% of the number produced by the control females (Fig. 4C) .
Survival
Calanus finmarchicus had good survival rates during the two 7-day experiments in both LD and HD treatments of Alexandrium fundyense with no significant differences compared with the Table 3 Statistical results for Calanus finmarchicus fitness parameters significantly affected by treatment or time of exposure. For each parameter, a two way-ANOVA was performed using p < 0.05 as significance cutoff.
Factor
June July Treatment: Control, LD and HD; Time: 1 to 7 days; TxT: interaction between treatment and time; df, degrees of freedom; MS, mean of squares; F, F ratio; p, probability. Statistically significant effect of factor is boldfaced.
control diet (Fig. 5 ). Similar survival rates were measured in two sets of conditions (100 mL and 200 mL containers) during the June and July experiments (Fig. 5) . In June, in the 200 mL containers (see Section 2.6), survival rates on Day 7 were 100% for control and LD and 83% for the HD (1 dead female) (Fig. 5A ). In July, 100% of females fed the three treatments were still alive on Day 7 (Fig. 5C ).
In the 100 mL flasks (see Section 2.6), survival among treatments was similar but lower than in the 200 mL containers. In both June and July, survival rates on Day 7 ranged between 60% and 80% ( Fig. 5B and D) . Overall the females were resistant to the toxic dinoflagellate with survival rates ranging between 60 and 100% over the 7-day period in all three treatments.
Discussion
Diets of Alexandrium fundyense had little effect on copepod survival and grazing activity, but there were effects on copepod reproduction. No difference in survival was found between the control and experimental treatments. Grazing activity was comparable between the control and the experimental treatments, and estimated daily carbon ingested was similar in all three treatments as well. Overall egg production and egg viability were lower in the two experimental treatments, suggesting that feeding on the dinoflagellate reduced reproductive success, even at the lower dose.
The copepod Calanus finmarchicus co-occurs with Alexandrium fundyense blooms that are common in the waters of the Gulf of Maine . A. fundyense starts to appear in very low numbers during the annual spring bloom (Anderson, 1997) , which is usually dominated by diatoms of the genera Thalassiosira, Chaetoceros and Skeletonema (10 3 -10 5 cells mL À1 ) (Bigelow, 1926; Starr et al., 1999) . During the summer, A. fundyense cell densities in the Gulf, including the Bay of Fundy, range between 1 to 55 cells mL À1 (Townsend et al., 2001) , comparable to the LD treatment used in this study (50 cells mL À1 ). In contrast, the HD Fig. 3 . C. finmarchicus egg production rate after exposure to LD and HD of A. fundyense and the control Rhodomonas spp. for 7 days. Daily (A) and cumulative (B) egg production rates over the 7-day experiment in June. In (C) daily and cumulative (D) egg production rate over the 7-day experiment in July. * Indicates significant differences between treatments (2-way ANOVA p < 0.05). Egg viability (%) for June (A) and July (B) experiments and effective recruitment (C) for both experiments. In C, the number of nauplii female À1 after 7 days exposure has been calculated for females that were still alive by Day 7. This corresponds to n = 8 for C and LD and n = 6 for HD in the June experiment and n = 7 for C and LD and n = 6 for HD in the July experiment. * Indicates significant differences between treatments (2-way ANOVA p < 0.05), see Table 3 .
treatment was comparable to severe blooms >100 cells mL
À1
which have been occasionally reported in the Bay of Fundy and Gulf of Maine Martin and White, 1988; Martin et al., 2014; McGillicuddy et al., 2014) . During bloom conditions, C. finmarchicus ingests A. fundyense (Turner and Borkman, 2005) , even at modest bloom densities of 1 cell mL À1 . Resistance to various species of toxic Alexandrium in the form of high survival rates is widespread among copepods (Colin and Dam, 2002; Hassett, 2003; Liu and Wang, 2002; Teegarden, 1999; Teegarden and Cembella, 1996) including Calanus finmarchicus, although most of these studies were limited to 24 h. The present study demonstrates that survival is not affected even when C. finmarchicus feeds exclusively on Alexandrium fundyense for a period of 7 days.
Exposure to Alexandrium fundyense diets did affect the reproductive success of Calanus finmarchicus. During the 7-day experimental period, egg production (total number of eggs) was significantly lower for adult females feeding on both experimental diets (July) and in the HD treatment (June) compared to the control.
Similar to our results with Calanus finmarchicus, Dutz (1998) reported a reduction in egg production in Acartia clausi females fed on a unialgal diet of the toxic Alexandrium lusitanicum for 6 days. The A. clausi females feeding on the A. lusitanicum diet produced only 30% of the number of eggs produced by females in the control feeding on Rhodomonas baltica, which was a greater reduction in egg production than was observed in the present study for the HD diet. Both our study and that of Dutz (1998) suggest that copepods exposed to blooms of long duration (weeks to months) may show no increase in mortality due to the toxins, and would have an extended time period to accumulate toxins.
The decline of Calanus finmarchicus egg production over time in our experiments using the control diet has also been reported for other laboratory studies including those with similar experimental food levels (Hirche and Kwasniewski, 1997; Bå mstedt et al., 1999; Niehoff et al., 2000; Jansen et al., 2006; Madsen et al., 2008) . The initial egg production rates (Day 1) in the June and July experiments were similar to the ones measured for C. finmarchicus collected in the western Atlantic during a similar period (June < 10 eggs female À1 d À1 ; Plourde and Runge, 1993 ;July: 30-50 eggs female À1 d À1 ; Runge et al., 2006; Melle et al., 2014) . Here, initial egg production in June averaged 13 eggs female À1 d À1 and 50 eggs female À1 d À1 in July. Furthermore, during the July experiment, the total number of eggs produced by the control females during the 7-day experiment (136 eggs female À1 ) (Fig. 3D ) was comparable to egg production rates reported in other studies for similar incubation periods (100-150 eggs female À1 - Hirche and Kwasniewski, 1997; Bå mstedt et al., 1999) .
The adverse effect of the Alexandrium fundyense diet was particularly evident when the number of hatched and healthy nauplii was considered as a measure of reproductive success. In July, on average, LD and HD females produced less than half of the number of viable eggs than in the control. In June, the average number of nauplii produced by the LD females was about 65% of that produced in the control, while the effect of the HD diet was even greater than in July, with only 25% viable eggs compared to the control diet.
The effect of diet on egg viability in copepods has been studied both in the field and in laboratory experiments (reviewed by Ianora and Miralto, 2010) . Low egg viability has been reported for various species of Calanus and several other genera of copepods feeding on diatoms (Ceballos and Ianora, 2003; Ianora et al., 2003 Ianora et al., , 2004b Ianora et al., 2015; Miralto et al., 1995 Miralto et al., , 1999 Poulet et al., 1995; Starr et al., 1999; Turner et al., 2001; Uye, 1996) . Total loss of egg viability has been reported in some copepods after 3 days on diets of the oxylipin-producing Skeletonema marinoi (Ceballos and Ianora, 2003) . In contrast, egg viability in Calanus finmarchicus appears to be less affected by diatoms (Gerecht et al., 2013; Starr et al., 1999) . Only a 20% reduction in egg viability was reported for C. finmarchicus feeding either exclusively on Thalassiorira nordenskioldii (10 4 cells mL À1 ) or on a mixture of diatoms (T. nordenskioldii, Chaetoceros debilis, and Navicula sp.) even after 2 weeks exposure (Starr et al., 1999) .
Alexandrium fundyense had a strong effect on egg viability in Calanus finmarchicus. Egg hatching success declined to 50% and 30% after only 2 days even on the LD diet in June and July, respectively. As expected, in the HD treatment the decline was even greater, with hatching success of 25% (June) and 22% (July) compared with the control diet. These results suggest that A. fundyense blooms could have an adverse effect on C. finmarchicus fitness at A. fundyense bloom densities that occur in the Gulf of Maine (Anderson, 1997; Anderson et al., 2005) .
Whether the saxitoxins were responsible for the observed effects on reproductive success of Calanus finmarchicus remains unclear. The experiments reported here used Rhodomonas sp. as the control diet. Although it was confirmed that Alexandrium fundyense used in this study (strain GTC28) produced saxitoxins during the two 7-day experiments, there is the possibility that the negative effects were not caused by those toxins, but rather by other metabolites produced by A. fundyense. Dramatic reductions in egg production and hatching success in copepods fed on nontoxic clones of Alexandrium tamarense (Ianora et al., 2004a) and Karenia brevis (Turner et al., 2012) were attributed to compounds other than toxins that might have been interfering with fertilization or egg viability. In addition, compounds that inhibit the growth of microalgae and heterotrophic protists have been identified in toxic and non-toxic strains of Alexandrium spp. (Tillmann and John, 2002; Tillmann et al., 2008) . Thus, in the present study, it was difficult to determine whether the effects on reproductive success in C. finmarchicus were caused by the saxitoxins and/or by other compounds produced by the dinoflagellate. Alternatively, it has been suggested that toxic dinoflagellates such as K. brevis are nutritionally inadequate (Prince et al., 2006; Waggett et al., 2012) . However, even though the fatty acid profile of A. fundyense was not measured in the present study, the fatty acid compositions of Alexandrium spp. are similar to many other dinoflagellate species that are considered to be high-quality food for copepods (Hammann et al., 2013; Ianora et al., 2004a) .
While survival rates were high, lower reproductive success was observed for both high (HD) and moderate (LD) levels of Alexandrium fundyense in the diet of Calanus finmarchicus females. This effect was only significant after several days of feeding on the experimental diets, and thus, could be missed in experiments of short duration (24-48 h). The results of this study suggest that blooms of A. fundyense in the Gulf of Maine may not affect C. finmarchicus survival, but they could lower the reproductive success of females maturing in June and July. In the summer, when blooms of A. fundyense are common, particularly in the eastern Gulf of Maine, C. finmarchicus populations are dominated by the second generation (G1) (Miller et al., 1998) . Starting in June, the population is represented by mid-and late-stage copepodites (CIV and CV) that are either preparing for diapause or maturing directly into adults and producing a third generation (G2) (Miller et al., 1998; Durbin et al., 2000; Fiksen, 2000) . It is not clear whether A. fundyense might interfere with preparation for diapause in copepodites (stages CIV and CV). However, lower reproductive success by females encountering A. fundyense blooms could potentially reduce recruitment to the third generation (G2). A reduction in reproductive success might affect recruitment in the following winter/spring if the G2 contributes significantly to the winter adult population (e.g., Miller et al., 1998; Saumweber and Durbin, 2006) .
In conclusion, the study provides evidence that the dinoflagellate Alexandrium fundyense can be an environmental stressor for Calanus finmarchicus. Upon ingestion of the dinoflagellate, the copepod experiences sub-optimal conditions in which physiological adjustments of its energy budget are required (Roncalli, 2015) . The lower energy available to females feeding on the A. fundyense diets, which might be due to reduced food assimilation, may have contributed to the lower egg production and egg viability observed here.
